Evidence for Inverted Spectrum 20 GHz Emission in the Galactic 
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ABSTRACT 

A comparison of a 19 GHz full-sky map with the WMAP satellite K band (23 GHz) map 
indicates that the bulk of the 20 GHz emission within 7° of the Galactic plane has an inverted 
(rising) spectrum with an average spectral index a = 0.21 ±0.05. While such a spectrum is incon- 
sistent with steep spectrum synchrotron (a ^ —0.7) and flat spectrum free-free (Bremsstrahlung) 
(a '~ —0.1) emission, it is consistent with various models of electric dipole emission from thermally 
excited spinning dust grains as well as models of magnetic dipole emission from ferromagnetic 
dust grains. Several regions in the plane, e.g., near the Cygnus arm, have spectra with even larger 
a. While low signal to noise of the 19 GHz data precludes a detailed map of spectral index, es- 
pecially off the Galactic plane, it appears that the bulk of the emission in the plane is correlated 
with the morphology of dust. Regions with higher 23 GHz flux tend to have harder spectra. Off 
the plane, at Galactic latitudes 7° < \bjj\ < 20°, the spectrum steepens to a = —0.16 ± 0.15. 

Subject headings: radio continuum: ISM — diffuse radiation — radiation mechanisms: thermal — ISM: 
general — dust, extinction — Galaxy: disk 



1. Introduction 

The spatial power spectrum of the cosmic 
microwave background (CMB) constitutes one 
of th e most impor t ant ob servations in cosmol- 
ogy ( Bennett et al. l2003al) . In order to accu- 
rately measure the fluctuations in the CMB, it 
is essential to correct for diffuse Galactic emis- 
sion; this need has led to a keen interest in mi- 
crowave and far infrared emission of the inter- 
stellar medium (ISM). Three known souces of 
emission, synchroton, free- free (bremsstrahlung), 
and thermal dust emission (above 60 GHz), have 
all been identified in observations of the CMB 



sion led Draine and Lazarian (1998a) to argue 
against the possibilty of the presence of dust- 
correlated free-free emission on energetic grounds. 
They instead proposed the mechanism of elec- 
tric dipole emission from thermally exc i ted, spin- 



ning dust 
and later. 



grams 
that 



( Draine fc Lazarian 
of magenti c dipole 



1998a||b|), 



emission 

from ferromagnetic grains ( Draine fc LazarianI 
19991) . Since then, many observations have con- 
low fre- 



quency emission ( 


de Oliveira-Costa et al.l 


1997 


Leitch et. al. 


19971 de Oliveira-Costa et al. 


1998 


19991 20021: 


Mukheriee et all 200ll 2002 


; al- 



([Bennett et al.l l2003bl ) . A decade ago, data from 
the COBE satellite indicated that at least some 
of the microwave continuum below 6 GHz is spa 



though, some observations failed to detect this 

emission ( de Oliveira-Costa et al .l2000l: l [Hamilton fc Gangal 



tially correlated with Galactic dust (jKogut et al 
Il996al lbl). Both the magnitude and frequency de- 
pendence of this dust-correlated component are 
inconsistent with thermal dust emission while 
low frequency (^ 1 GHz) synchroton emission 
is largely uncorrelated with dust. In addition, 
the lack of a strong correlation with Ha emis- 



2OOII: iMukheriee et al.ll2003l ). The spinning dust 
spectrum is distinguished by a peak at ~ 20 GHz, 
a spectral feature that has bee n tentatively in- 



dentified in two specific sources (jFinkbeiner et al 
20021 ) and in a survey of the Galactic plane 



(jFinkbeiner et al.l 120041 ): although, subsequent 



observations of one of the former two sources, 
an HII region, have indicated that the emission 
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is consistent with optically thin free-free emis- 
sion with little c o ntribu tion from spinning dust 



( Dickinson et al. 20061 ). In their analysis of 
WMAP satellite data, Bennett et al. (2003b) 
suggested a model of "hard" synchrotron emission 
from supernovae remnants that is correlated with 
dust but not with "soft" synchrotron emission at 
low frequencies (^1 GHz). While it's likely that 
"hard" synchrotron emission does contribute to 
20 GHz emission in the Galactic plane, the rising 
spectrum reported by Finkbeiner et al. (2004) and 
in this paper require a substantial contribution of 
another source with an even harder (inverted) 
spectrum. 

2. Method 

In this paper, we compare a full-sky 19 GHz 
(|Cottinghamlll987tlBoughn et al.lll992f l with 



map 

the three year WM AP K and Ka band maps 
( Hinshaw et al.|[2006f) in order to determine a spec- 
tral index in and near the Galactic plane. The 
WMAP 1° smoothed K and Ka band intensity 
maps were corrected for CMB fluctuations by sub- 
tracting the WMAP Internal Linear Gombination 
(ILG) CMB map and then convolved with the 19 
GHz antenna beam pattern, including sidelobes 
out to 90 degrees, so as to match the 3° angular 
resolution of the 19 GHz map. The dipolc and 
GMB were similarly removed from the 19 GHz 
map and all maps were converted to a common 
24,576 1.3° X 1.3° pixelization in an equatorial 
qua drilateralized spherical cube p rojection on the 
sky (jWhite and Stemwedell 119921 ). The mean in- 
strument noise per pixel of the 19 GHz data is ~ 2 
mK, which is by far the dominant source of statis- 
tical noise. (The mean instrument noise per pixel 
in the K and Ka maps is ~ 6 /iK). The calibration 
uncertainty of the K and Ka band data is 0.5% 
(jHinshaw et a l."2006V while that of the 19 GHz 
map is 3% ([Boughn ct al. 1992); however, the rel- 
ative calibration of the two data sets is known to 
within 0.6%, the statistical accuracy with which 
the dipole in the 19 GHz map can be determined. 
By matching the dipoles of the data sets, all data 
were reduced to the same thermodynamic temper- 
ature scale. 

Systematic errors will be discussed in detail in 
§4) One potential source of error is the unknown 
offset in the 19 GHz map. An estimate of this 



offset was determined by comparing the mean 19 
GHz and K band emissions at large Galactic lati- 
tudes (30° < I&7/I < 90°) and requiring the ratio 
of these two values to be consistent with a syn- 
chrotron spectrum. This conservative choice is 
discussed in 52] along with possible variations of 
the offset with position in the sky. The offset un- 
certainty in__tlie_WMAP maps is on the order of 
~ 4 fiK (jHinshaw et al. 2006) and is insignificant 
in the present analysis. 

The ratio of the 19 GHz and K band emission is 
then determined from a maximum likelihood (min- 
imum x^) fit of this ratio times the K band pix- 
elized data to the 19 GHz data in the Galactic 
latitude region of interest where 



X 



(1) 



yi is the 19 GHz flux in the i*'' pixel, Xi is the 
K band flux, at is the 19 GHz noise, and r is the 
presumed constant ratio of the 19 GHz to 23 GHz 
emission. There is a slight pixel-pixel correlation 
of instrument noise in the 19 GHz data, which we 
ignore. Its effect is small and, in any case, can be 
considered to be a systematic effect as discussed 



3. Results 

Table 1 lists the fit values of the ratio of the 
19 GHz to K band (23 GHz) and Ka band (33 
GHz) data and the implied spectral indices in 
two different Galactic latitude bins. The quoted 
statisitcal errors are the 1 a quadrature combi- 
nation of instrument noise and calibration uncer- 
tainty. The transformation of the wideband K and 
Ka thermodynamic temperature data to the effec- 
tive monochromatic Rayleigh-Jeans temperature 
necessary to compute the spectral index, a, was 
effected with the tabulated parameters in Jarosik 
et al. (2003). The 19 GHz data is narrow band, 
allowing the use of the standard thermodynamic 
to Rayleigh-Jeans conversion. Also listed in Table 
1 are and degrees of freedom v of the fits. 

Figure 1 is a plot of the 19 GHz and K band 
thermodynamic temperatures for all 2996 pixels 
within 7° of the Galactic plane along with the 
straight line fit, the slope of which is the r listed 
in Table 1. Also shown in Figure 1 are dotted 
lines corresponding to a's of -0.14 and -0.71, the 
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Fig. 1. — The correlation of 19 GHz emission with K band emission for the 2996 pixels within 7° of the 
Galactic plane. The solid line is the minimum fit to the data while the two dotted lines correspond to 
spectral indices of -0.14 (smaller slope) and -0.71 (larger slope) appropriate for free- free and soft synchrotron 
emission. 
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Fig. 2. — The mean spectral index a in 10° x 10° regions at 5° intervals along the Galactic plane. The error 
bars represent statistical errors only. 
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Table 1 

Fits for r, the thermodynamic temperature ratio, and implied spectral index a between 
19 GHz AND K/Ka bands in two Galactic latitude bins along with the reduced and 

DEGREES OF FREEDOM, V , OF THE FITS. 



Latitude Bin 


Bands 


r 


a 




V 


0° 


- 7° 


19GHz/K 


1.327±0.010 


0.210±0.048 


1.244 


2995 


r - 


- 20° 


19GHz/K 


1.404±0.032 


-0.156±0.148 


1.067 


5193 


0° 


- 7° 


19GHz/Ka 


3.113±0.023 


-0.160±0.014 


1.335 


2995 


7° - 


- 20° 


19GHz/Ka 


3.599±0.082 


-0.434±0.043 


1.077 


5193 



spectral indices of free-free and soft synchrotron 
emission. The scatter of the points in Figure 1 is 
dominated by 19 GHz instrument noise and it is 
clear that most of the data points have low sig- 
nal to noise. This precludes a fine scale map of 
a; however, averaging pixels on a larger angular 
scale does allow some measure of the variation of 
spectral index with position. Figure 2 is a plot of 
a derived from fits in individual 10° x 10° regions 
centered at 5° intervals along the Galactic plane. 
While the errors on many of these points are quite 
large, there is significant variation of the spectral 
index along the Galactic plane within ±100° of the 
Galactic center and there are several regions with 
a significantly larger than the value of 0.21 that 
characterizes the Galactic plane region as a whole. 
Of note is a ~ 0.77 ± 0.13 for the region centered 
on III ^ 75° near the Cygnus arm. 

As another more qualitative way to illustrate 
the variation of a, we smoothed the 19 GHz and 
K band maps with an 8° FWHM Gaussian filter. 
Figure 3 is a map of a implied by the ratio of 
those pixels in the two maps for which the signal 
to noise, SjN — rjor-, is greater than 10. The 
variations of a in Figure 3 are readily idenitified 
with corresponding regions in Figure 2. 

So far we have not addressed the issue of 
whether the inverted spectrum emission is asso- 
ciated morphologically with dust in the Galactic 
plane. A standard way to do this is to corre- 
late a dust template with low frequency emission. 
An effective spectral index for the dust corre- 
lated component can be inferred from the relative 
amplitudes of the correlation at two different fre- 
quencies. Following Finkbeiner et al. (2004), we 
use the WMAP W band (93 GHz) map since "it 



is a good tracer of dust column density." The ra- 
tio of the linear, minimum ^ fits of the W band 
data to the 19 GHz and K band data is then 
used to deduce an effective spectral index between 
19 and 23 GHz. The 19 GHz (t,'s were used for 
the K band data to ensure that the pixels in the 
two maps were weighted in the same way. The 
values deduced in this way differ insignificantly 
from those of Table 1 while the x^s are marginally 
worse, — 1.442 for the < 7° region and 
X^ = 1.093 for the 7° < |6//| < 20° region. This 
is suggestive that the emission is, indeed, corre- 
lated with dust; however, it is important to also 
compare the results of fits to templates of other 
forms of emission, i.e., free-free and synchrotron. 
We take the 408 MHz map of Haslam et al. (1981) 
as a synchrotrom template and the Ha map com- 
piled by Finkbeiner (2003) and corrected for dust 
extinction by the WMAP team as a free-free tem- 
plate. The fits of these two templates to the 19 
GHz data result in significantly worse x^ 's for the 
two regions; 6.15 and 1.18 for the synchrotron tem- 
plate fit and 11.85 and 1.30 for the free- free tem- 
plate fit. It should be pointed out that extinction 
corrections in the Galactic plane are only approxi- 
mate; however, the corrected Ha map has similar 
structure to the WMAP MEM-derived free-free 



map (jBennett et al.ll2003b[ ) and so should provide 
a rough indication of the distribution of free-free 
emission. Also, the 408 MHz map is biased to- 
ward steep spectrum, soft synchroton emission 
and is unlikely to trace hard synchrotron emis- 
sion. It is well known that the spectral index of 
synchrotron emission is harder (^ —0.5) toward 
the Galactic plane i n regions of active star forma- 
tion ([Bennett et al.ll2003b) and that this emission 
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Fig. 3. — Map of the spectral index, —0.7 < a < 0.7, deduced from the ratio of 19 GHz to K band emission 
smoothed to a resolution of 8° FWHM. Only those pixels for which the 19 GHz signal to noise exceeds 10 
are plotted. 
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is correlated with dust. Therefore, dust correlated 
emission includes both spinning dust and hard 
synchrotron emission. 

For a direct comparison we performed a three 
parameter linear fit of the three templates, dust, 
free-free, and synchrotron, to the 19 GHz data. 
From the amplitudes of those fits one can estimate 
the relative fraction of the 19 GHz emission that is 
associated with the three templates as well as the 
spectral indices of the three sources of emission (by 
taking the ratio of the fit amplitudes with those of 
a fit to the K band data). These values are listed 
in Table 2. The blank entries indicate relatively 
unconstrained a due to low emission. It should 
be noted that the of the three parameter fit in 
the 1 6// 1 < 7° region is only slightly lower than 
that of the fit to the dust template alone, which is 
consistent with the high estimated fraction of dust 
correlated emission in that region. The in the 
7° < \bii\ < 20° region is marginally lower than 
that of the fit to the dust template alone and is 
also consistent with the relatively large fraction of 
estimated synchrotron emission. For comparison, 
the x^'s of the 19 GHz data in the absence of any 
fit are 23.38 and 1.47 for the two latitude bins, an 
indication that the templates do, indeed, account 
for most of the morphology of the emission in the 
two regions. Even so, the x^'s in Table 2 indi- 
cate significant structure that is uncorrelated with 
the three templates. This is not unexpected since 
the 19 GHz emission might well have a different 
dependence on physical parameters than do the 
templates. For this reason the relative fractions 
listed in Table 2 should not be taken too seriously. 
However, qualitatively, it seems reasonable to con- 
clude that dust correlated emission dominates in 
the plane while dust and soft synchrotron corre- 
lated emission are comparable off the plane. The 
latter is consistent with the off plane a in Table 1. 
That the implied spectral index of the dust corre- 
lated emission is larger than that of synchrotron 
correlated emission in this region should be tem- 
pered by the large errors in these quantities. 

4. Systematic Errors 

Systematic errors in the analysis fall in three 
main categories: relative pointing errors, differ- 
ences in beam profiles, and offset errors. The 
pointing accuracy of the 19 GHz map is < 1° 



(|Cottinghaml 119871 ). That the direction of the 
dipole in the 19 GHz data differs from that in the 
WMAP data by 0.7° ± 0.7° is consistent with this 
estimate. The beam profile of the radiometer used 
to make the 19 GHz map is well approximated in 
the E-plane out to 90° and in the H-plane out to 
by 45° by the diffraction pattern of a TE-\ i mode 



launched from a circular waveguide (jBoughn et al 
J990). The antenna was tipped 45° from the ver- 
tical in the H-plane and radiation shields were em- 
ployed to attenuate emission from the earth. This 
resulted in an additional attenuation of 20 db be- 
yond « 45° in the forward H-plane, « 90° in the 
side E-planes, and « 135° in the back H-plane. 
The 60 db point occured at 45° in the H-plane and 
90° in the E-plane. T he main beam is as ymmet- 
rical by about ±13% (|Boughn et al.lll990t ). which 
results in a complicated and not easily modeled 
variation of angular resolution across the sky, be- 
cause a given point on the sky is observed with 
more than one antenna orientation. An approxi- 
mate beam pattern, consisting of an azimuthally 
averaged diffraction pattern cut off at 90°, was 
convolved with the WMAP maps. Changing the 
cutoff to 45° had a negligible effect on the anal- 
ysis so we conclude that the far sidelobe pattern 
has little effect on the results. The asymmetry 
of the main beam is relatively small compared to 
the angular resolution itself and, furthermore, the 
values of a obtained are on even larger angular 
scales. However, to check for sensitivity to both 
pointing and beam asymmetry errors we convolved 
both the 19 GHz and K band maps with an ad- 
ditional 6° FWHM gaussian. The fitted a's for 
these maps were less by 0.98 cr and 0.55 a than 
the values listed in Table 1 for the < 7° and 
7° < 1 6// 1 < 20° regions respectively. We also 
computed the spectral indices for the 10° x 10° re- 
gions of Figure 2 by taking the ratio of the 19 GHz 
to K band fiuxes in these regions. This is equiva- 
lent to smoothing with a 11° FWHM filter. The 
a's deduced this way differed, on average, from 
the values in Figure 2 by only 0.52 a with regions 
of relatively low 19 GHz emission showing an in- 
crease in a and those regions with relatively high 
19 GHz emission showing a decrease in a. Both of 
these small differences in spectral index are con- 
sistent with a spatial varation of a as discussed 
below; however, the general conclusion is that the 
systematic effects caused by errors in the beam 
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Table 2 

The relative fraction, /, of the contribution of different morphological types to 19 
ghz emission and the associated spectral index a in two latitude bins. 



Latitude Bin 


Morphology 


f 


a 




0° - 7° 


dust 


0.95 


0.20±0.08 








0.0.3 




1.422 




syucli 


0.02 






7° - 20° 


dust 


0.50 


-0.05±0.50 






free- free 


0.07 




1.071 




synch 


0.43 


-0.60±0.64 





profile and pointing do not significantly affect our 
analysis. 

Another concern is the uncertainty in the value 

of the unknown offset in the 19 GHz data as well as 
the uncertainty in the variation of the offset with 
position. It was pointed out above that there is 
a slight correlation in the noises of different pixels 
which can result in a low level systematic pattern 
in the map. This can be considered as simply con- 
tributing to a variable offset in the map. Our es- 
timated constant offset, 0.15 mK, is that required 
to make the ratio of 19 to 23 GHz high latitude 
(1^7/ 1 > 30°) emission consistent with a soft syn- 
chrotron spectrum, i.e., a ~ —0.7. If high latitude 
emission has a flatter spectrum, as would be the 
case for free- free or spinning dust emission, the im- 
plied offset would be larger. In turn, a larger off- 
set would result in a larger a in our fits to the low 
Galactic latitude data. In this sense, the value of 
the offset we chose is conservative; however, even 
if the effective spectral index at high latitude were 
as large as in the plane, i.e., a ^ 0.2, the implied 
offset would increase by only 0.03 mK and the im- 
plied a by only 0.014. 

To investigate the large scale variation in the 
offset we computed it for separate hemispheres and 
separate quadrants of the sky, always in regions 
with Galactic latitude greater than 30°. The off- 
sets deduced from the north, south, east, and west 
hemispheres and the northeast, northwest, south- 
east, and southwest quadrants have an rms differ- 
ence from the nominal 0.15 mK of 0.025 mK with 
a distribution consistent with instrument noise. 
Even if an offset gradient were this large, its ef- 
fects would largely cancel out by symmetry in the 



above analysis of latitude bins. Of course, it might 
be possible that the offset near the plane is dif- 
ferent than at large latitudes, i.e., a quadrupole 
effect. To check for this we computed the offsets 
implied by the data in two different latitude bins, 
30° < \bii\ < 50° and 50° < < 90°. These 
two offsets differed from our canonical value by 

0. 01 mK, about half the statistical error in the 
their determination. The statistical error of the 
canonical offset is 0.015 mK. Therefore, we find 
it unlikely that the error in the offset of the 19 
GHz map is significantly larger than 0.02 mK. 
For comparison, the statistical errors listed in Ta- 
ble 1 correspond to offset errors of 0.09 mK for 
\bii\ < 7° bin and 0.03 mK for 7° < \bii\ < 20°. 
We conclude that systematic error in the offset 
does not significantly change the results of Table 
1. 

One might choose to estimate an effective off- 
set simply by including the offset as an additional 
free parameter in the minimum fit of Eq. 1. 
Doing this for the data in the \bjj\ < 7° region 
yields an offset of 0.38 ± 0.04 mK and a spectral 
index of a = 0.33 ± 0.05. The errors are some- 
what larger than in Table 1 because of the cor- 
relation of the two parameters. The difference of 
this fit offset with our canonical value is roughly 
5 times the statistical error. The discrepcncy is 
likely due to the fact that a is not constant in the 
plane. It is apparent from Figure 2 that those 
regions with large K-band and 19 GHz fluxes, 

1. e., those with high signal to noise, tend to have 
larger a than those with low fluxes. The third 
of the data points in the plane with the largest K- 
band band fluxes have an average spectral index of 
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(a) = 0.27 ± 0.02, while the third with the lowest 
fluxes have (a) = —0.63 ± 0.15 (statistical errors 
only). The same is true for the data of Figure 1. 
The third of the points with the highest K-band 
fluxes have an average 19 GHz to K-band ratio 
of r = 1.32 corresponding to (a) = 0.24 ± 0.02, 
while the third of the points with the lowc^st K- 
band fluxes have r = 1.49 and (a) = -0.54 ± 0.28 
(statistical errors only). The result of this varia- 
tion is that the low K-band flux points in Figure 
1 have elevated 19 GHz fluxes compared to those 
expected if the slope was that determined by the 
high K-band flux points. In a linear fit, this would 
appear as an additional offset of about the mag- 
nitude observed. We, therefore, conclude that our 
canonical offset determined at high Galactic lati- 
tudes is the appropriate choice. A two parameter 
fit to the 7° < 1 6/7 1 < 20° data yields an offset 
within 0.02 mK of the nominal 0.15 mK and an a 
of -0.06, consistent with that listed in Table 1. 

There is the possibility that anomalous small 
angular scale structure in the 19 GHz map, of the 
sort due to correlated noise, could affect the results 
expressed in Figures 2 and 3. To investigate this 
effect we subtracted a scaled K band map from the 
19 GHz map and smoothed it with an 11° FWHM 
Gaussian filter (corresponding to the area of the 
bins in Figure 2). A visual inspection of this map 
reveals the presence of systematic patterns even 
at high Galactic latitudes. The residual rms fluc- 
tuations (after correcting for instrument noise) at 
high latitudes, \bii\ > 30°, is 0.12 mK. This should 
be considered an upper limit on systematic noise 
at this scale since it is possible that there is still 
some contamination by real Galactic and extra- 
galactic structure as well as the possibility of a 
spatially varing spectral index between 19 GHz 
and 23 GHz. For comparison, the statistical noise 
of the signals in the 10° x 10° bins of Figure 2 
correspond to effective offset errors in the range 
0.17 mK to 0.45 mK with an average of 0.27 mK. 
Therefore, the systematic offset errors are smaller 
than the the errors quoted in Figure 2 and we con- 
clude that it is unlikely that systematic errors can 
significantly change these results. 

The (see Table 1), of the fit of the K band to 
the 19 GHz data in the Galactic plane, = 1-244, 
while significantly different from unity, is not un- 
expected. The unaccounted for (i.e., not due to 
instrument noise) rms residuals in the 19 GHz 



data are equivalent to an average of 0.78 mK per 
pixel. Some portion of the residuals is undoubt- 
edly due to small scale systematic structure in the 
map. This structure was estimated to be at the 
level of 0.12 mK when averaged over 100 square 
degrees (~ 60 pixels) and on the scale of one pixel, 
it will likely be larger. Pointing errors might also 
contribute to the residuals; however, the largest 
contribution is most likely due to the variation of 
a with position as illustrated in Figures 2 and 3, 
that is, constant a is not the best model. If this is 
the case, then one would expect a larger such ef- 
fect in the comparison of the 19 GHz and 33 GHz 
maps. That the of the 19 GHz to Ka band fit 
in Table 1 (x^ = 1.350) is significantly larger is in 
agreement with this expectation. The x^ of the 
fit in the 7° < |6//| < 20° region is signficantly 
smaller and corresponds to residual structure at 
the ^ 0.39 mK per pixel level. So while the exces- 
sive values of in Table 1 might temper our con- 
clusions somewhat, they are not unexpected and, 
in any case, the presence of the relatively small 
residuals in the fits does not change the conclu- 
sions of this paper. 

5. Discussion 

The frequencies of the two data sets treated in 
this work are similiar, 19.2 and 22.7 GHz. The 
ratio of the the fluxes at the two frequencies, mea- 
sured in thermodynamic temperature, is only 6% 
less than the expected ratio for free-free emission 
and 15% less than the expected ratio for soft syn- 
chrotron emission. However, the CMB dipole can 
be measured quite accurately at both frquencies 
and, as a consequence, the relative calibrations of 
the two data sets can be determined to within 
0.6%, which is sufficient to distinguish between 
synchrotron, free-free, and spinning dust emission 
mechanisms. It is clear that 20 GHz emission 
in the Galactic plane is inconsistent with a com- 
bination of synchrotron and free-free alone and 
must include a significant component of inverted 
spectrum emission such as that due to spinning 
dust. Consider, for example, emission consisting 
of spinning dust with a spectral index of a = 1.0 
and hard synchrotron emission with spectral in- 
dex a = —0.5. The spectral index of emission 
consisting of equal amounts of these two compo- 
nents is a = 0.2, the value determined for the 
Galactic plane in Table 1. Therefore, our results 
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are consistent with spinning dust accounting for a 
significant fraction of the 20 GHz emission in the 
Galactic plane. This conclusion is strengthened 
by our finding that the morphology of the emis- 
sion is much more correlated with dust than with 
the expected morphologies of soft synchrotron and 
free-free emission. From fits to templates of these 
three sources we estimate that the 19 GHz emis- 
sion within 7° of the Galactic plane is dominated 
by emission correlated with dust. To be sure, there 
is significant variation of the spectral index as is 
indicated in Figures 2 and 3, including regions in 
which the spectral index is significantly less than 
zero. Finally, we find some evidence that regions 
of relatively high K-band fiux have harder spectra 
than those with relatively low flux. This is also 
consistent with the fact that K-band and 19 GHz 
flux is relatively highly correlated with dust, which 
would have a hard spectrum due to the spinning 
dust mechanism. 

We have only determined the average fiux and 
spectral index of the emission near one frquency 
(20 GHz) and, therefore, have not attempted to fit 
the data to any particular model of spinning dust 
emission. Such models have many free paremeters, 
e.g., grain size, composition, temperature, electric 
dipole moment, gas density, ionization fraction, 
etc. Suffice it to say that some models do have 
inverted 20 GHz spectra as we observe and the pa- 
rameters cal l be adusted to acrount fo r the level 
of emission (jPraine fc Lazarianlll998al ). The ris- 



ing spectrum detected from 19 GHz to 23 GHz is 
in mild confiict with two of the four Galactic plane 
regions investigated by Finkbeiner et al. (2004). 
Although their analysis also supports the case for 
spinning dust emission, in these two regions (those 
centered at In = 15° and £ij = 30°) they detect 
a falling spectrum from 14 to 23 GHz. However, 
the quoted error is relatively large and a some- 
what lower 14GHz flux would be consistent with 
the data in Figure 2. Their results in the other 
two regions, £// = 0° and in — 45°, the former of 
which has a rising spectrum and the latter a falling 
spectrum, agree qualitatively with Figure 2. Fi- 
nally, the effective spectral index between 19 GHz 

and 33 GHz, the WMAP Ka band, is a 0.16 

in the plane and a ~ -0.43 in the 7° < < 20° 
region. This observation is not necessarily incon- 
sistent with spinning dust emission, the spectra of 
which can turn over at frequencies above 20 GHz. 
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